Abstract A transmission grating coupled with an X-ray charge coupled device (CCD) is used to quantitatively measure the proportion of high-order harmonics of the soft-X-ray source of beam line 4B7B. The results show that the monochromatic X-ray has third-order and second-order harmonics. The proportion of second-order harmonic of 4B7B is less than 9.0% and the thirdorder harmonic is below 0.7% when no suppressing method is applied. When suppression methods are used, the proportion of second-order harmonic is less than 1.7% and the third-order harmonic is ignorable.
Quantitative Measurement of the Proportions of High-Order
Harmonics for the 4B7B Soft-X-Ray Source at Beijing Synchrotron Radiation Facility 
Introduction
Synchrotron radiation is a good light source for a wide range of applications because of its high flux and stability [1∼5] . Especially in the field of inertial confined fusion, some kinds of X-ray instruments are calibrated with a monochromatic X-ray source which is monochromatized from synchrotron radiation [6∼10] . Although many monochromators have been developed, the monochromatic X-ray is inevitably contaminated by high-order harmonics due to Bragg diffraction [11∼13] . The existence of high-order harmonics is dire for calibrations because it can worsen precision [14, 15] . In order to reduce, or eliminate, the blight of high-order harmonics in calibration, two methods can be adopted. The first one is to quantitatively measure the proportion of high-order harmonics and correct its influence in calibrations [14∼16] . The second one is to use suppressors [11∼13] . In practice, one suppressor works effectively in a narrow energy range only. For wide energy ranges, additional suppressors must be used which cost more room and money. However, it is impossible to completely suppress the harmonics with a suppressor. Therefore, quantitative measurement of the harmonics is still necessary.
The beam line 4B7B at the Beijing Synchrotron Radiation Facility (BSRF) introduces synchrotron radiation from a bending magnet and is an important Xray source for calibrations in China. This beam line can offer monochromatic X-rays between 80 eV and 1600 eV. As an important performance parameter of 4B7B, the proportions of high-order harmonics must be determined. This work quantitatively measures the proportions of high-order harmonics of the monochromatic X-ray source of 4B7B.
Arrangement of measurements
The arrangement of the measurement equipment is shown in Fig. 1 . In front of 4B7B, a varied line space grating coupled with a flat mirror was used as a monochromator. By rotating the flat mirror, the incident angle of the light on the monochromator can be changed and the energy of monochromatic X-ray can be set afresh. The measurement instruments including a 2000 lp/mm transmission grating and an X-ray charge coupled device (CCD) were mounted at the end. Between the monochromator and the transmission grating, suppressing mirrors and filters were prepared for suppressing high-order harmonics.
The beam line 4B7B has two working modes: without and with suppression methods [17] . The measurements were carried out in both modes. When the beam line 4B7B worked without suppression methods, the suppressing mirrors and the filters were moved out of the X-ray. The monochromatic X-ray was dispersed by the transmission grating and then recorded by the CCD. When the beam line 4B7B worked with suppression methods, the suppressors listed in Table 1 were moved in the monochromatic X-ray to suppress highorder harmonics. Then the suppressed X-ray beam illuminated the grating and was dispersed onto the CCD. In order to avoid saturation of the CCD, a mechanical shutter used to control the exposure time of the CCD was mounted in the monochromatic X-ray. In the measurement, the electron beam energy was kept at 2.5 GeV. In this case, the proportion of highorder harmonics was zero when the X-ray energy was set above 800 eV. So the measurements were implemented only between 100 eV and 800 eV in both working modes.
Results
When no suppression method was used, harmonics were found between 100 eV and 800 eV, and typical dispersive spectra were shown in Fig. 2 . Fig. 2(a)∼(c) show the dispersive spectrum when the X-ray energy was set to 100 eV, 300 eV and 600 eV, respectively. In this figure, we can find an obvious second-order harmonic. Actually, a weak third-order harmonic also exists between 100 eV and 450 eV. Fig. 2(d) ∼(f) respectively show the corresponding dispersive spectra when the suppression method was used for the same X-ray energy. It can be found that the harmonics were evidently reduced when the suppression method was used.
According to the dispersive spectrum and the condition in our investigation, the photon number of highorder harmonics can be calculated by
where I hi 1 represents the area of the first-order diffraction peak of the ith-order harmonic. E hi is photon energy of the ith-order harmonic. η hi 1 and ε hi are respectively the first-order diffraction efficiency of the transmission grating and the efficiency of the X-ray CCD for the ith-order harmonic. Then, the number of fundamental photons can be obtained as
In Eq. (2), I f 1 is the area of the first-order diffraction peak formed by the fundamental photon. η hi i is the ithorder diffraction efficiency of the ith-order harmonic. E f is the photon energy of the fundamental photon. η f 1 is the first-order diffraction efficiency of the transmission grating for the fundamental photon. ε f is the efficiency of the X-ray CCD for the fundamental photon. The peak area is illuminated in Fig. 3 , in which the cross section of 100 eV is taken as an example. Fig.3 The cross section of nominal energy of 100 eV (color online) Fig.2 Typical dispersive spectra of monochromatic X-ray with nominal energies of 100 eV, 300 eV and 600 eV (color online)
Finally, the proportions of the harmonics can be calculated as
The proportions of harmonics were obtained based on Eqs. (1)∼(3). Fig. 4 shows the harmonic proportions of beam line 4B7B. In Fig. 4 , it can be seen that when no suppression method was used, the proportions of the second-order and third-order harmonic were less than 9.0% and 0.7%, respectively. When the suppression method was used, the proportion of second-order harmonic was restricted to less than 1.7% and the proportion of third-order harmonic approached zero. The results also suggest that the suppressors listed in Table 1 are effective. It must be noted that the thickness of the Ni filter listed in Table 1 is a nominal thickness. As a result, the suppressing effect of this filter cannot be as quantitatively good as the computational results.
Conclusion
The quantitative measurement, using a transmission grating coupled with an X-ray CCD, evaluated the proportions of high-order harmonics in the beam line 4B7B at Beijing Synchrotron Radiation Facility. The maximum proportion of second-order harmonic is 9.0% and the maximum proportion of third-order harmonic is 0.7% when no suppression method is used. When the suppression method listed in Table1 was used, the highorder harmonic could be efficiently suppressed. The maximum proportion of second-order harmonic could be reduced to 1.7%, and the proportion of third-order harmonic approached zero. These measurement results have already been used in some precise calibrations. But the proportion of harmonics can be changed by the carbon contamination. Hence, the proportions of harmonics must be checked before precise calibration experiments.
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